Objective:: To investigate the survival, integration, and differentiation of mouse retinal progenitor cells after transplantation to the subretinal space of adult pigs.
Results:
The GFPϩ murine retinal progenitor cells survived well for up to 14 days after transplantation to the pig retina. After 5 weeks, fewer GFPϩ cells were found. In the pigs that received laser treatment before grafting of cell suspension, GFPϩ cells integrated into the retinal pigment epithelium and all layers of the retina. The GFPϩ cells exhibited morphologic evidence of differentiation into mature retinal neurons, although evaluation of marker expression found only nestin and glial fibrillary acidic protein colocalization. In noninjured pigs, cells mainly integrated into the retinal pigment epithelium. In pigs that received composites, cells appeared to mature and extended processes through pores in the polymer matrix.
Conclusions: Retinal progenitor cell xenografts survive for a sufficiently long period to integrate into areas of injury and exhibit morphologic differentiation. By 5 weeks, survival diminishes. Biodegradable polymers may be useful for transplanting retinal progenitor cells in a structurally organized manner.
Clinical Relevance: Central nervous system (CNS) diseases may cause long-term disabilities. Substantial tissue destruction can be sustained by the complex structures of the brain, spinal cord, or retina without loss of life, yet the lack of effective CNS regeneration frequently results in disruption of activities of daily living and marked degradation in quality of life. It has become clear that an enormous potential for repair is present within the mammalian CNS. The challenge is to harness this potential to treat disease. Transplantation of neuronal tissue to the CNS represents a promising, albeit challenging, approach to the replacement of neurons lost owing to injury or disease.
Arch Ophthalmol. 2005; 123:1385 -1393 T HE MAJOR DISEASES OF THE retina, including retinitis pigmentosa, age-related macular degeneration, and diabetic retinopathy, are quite heterogeneous with respect to etiology, pathology, and demographics, yet have in common the unifying feature of neuronal loss. As in the brain and spinal cord, loss of neurons in the retina is permanent, and there are at present no restorative treatments available for these conditions. One approach to neuronal repopulation that has been actively investigated is the transplantation of embryonic or fetal retinal tissue. Achieving widespread functional integration of transplanted retinal tissue in the diseased retina has proved to be elusive 1 ; however, neural progenitor cells have recently demonstrated considerable potential as an alternative to fetal tissue in the setting of transplantation.
In rodents, a variety of neural precursor cells have been transplanted to the intact retina of normal neonatal and adult animals, to the degenerating retina, and to the injured retina, with markedly varying results in terms of integration, migration, and differentiation. 2, 3 In all studies of this type, an important consideration that has emerged is the need to distinguish donor cells from host tissue after transplantation. The use of soluble proteins such as green fluorescent protein (GFP) as a label confers the advantage of demonstrating the detailed configuration of the grafted cells.
Recently, isolation and amplification of stem cells from the retina of neonatal mice expressing the enhanced version of the GFP transgene were described. 4 After ex-pansion in vitro, these cells were transplanted to the retina of mice with retinal degeneration. The grafted cells survived, maintained GFP expression, migrated, and showed evidence of integration within the host retina. Herein we describe the transplantation of these GFP mouse progenitor cells to the subretinal space of adult pigs, as cell suspension, spheres, or a composite graft incorporating a biodegradable polymer. The pig is of interest as a recipient because the anatomy, size, and vasculature of the porcine eye more closely approximate the human eye than does that of the rodent, and the techniques and instrumentation routinely used in the clinic are directly applicable to the pig model. Moreover, the porcine retina has an area centralis that contains a large number of cones.
METHODS

PROGENITOR CELLS
Retinal progenitor cells (RPCs) were isolated from pooled retinas of postnatal day 1 GFP transgenic C57Bl/6 mice (a kind gift of M. Okabe, PhD, University of Osaka, Osaka, Japan). Retinas were dissected free from the posterior eyecup, and the ciliary marginal zone and optic nerve head were removed under microscopic visualization. Pooled retinal tissue was finely minced and digested with 0.1% type 1 collagenase (Sigma-Aldrich Corp, St Louis, Mo) for 20 minutes. The supernatant containing liberated cells was forced through a 100-µm mesh strainer, centrifuged, and seeded into culture vessels in basal medium (Neurobasal; GIBCO BRL Life Technologies, Rockville, Md) supplemented with 2-mmol/L L-glutamine, 100-µg/mL penicillin-streptomycin, 20-ng/mL epidermal growth factor (Promega, Madison, Wis), and B-27 neural supplement (GIBCO BRL Life Technologies). This cycle was repeated until all retinal tissue was digested. Cells were re-fed on alternating days. Within 2 to 3 weeks, RPCs were visible as nonadherent spheres and continued to expand in the presence of epidermal growth factor. Cultures were split 1:5 every 7 to 10 days. Although capable of expansion through more than 60 passages, cells of less than 20 passages were used in this study.
POLYMER SCAFFOLDS
The biodegradable polymer was formed into highly porous scaffolds. These were fabricated from blends of poly(lactic-coglycolic acid) and poly(L-lactic acid) by means of a freezedrying technique that led to pores being oriented normal to the plane of the scaffold. The RPCs were seeded onto the polymers and cultured under expansion conditions (20-ng/mL epidermal growth factor) for 14 days before transplantation. The fabrication of the biodegradable polymer scaffolds has recently been described by Lavik et al. At surgery, the central and posterior vitreous was removed together with the posterior hyaloid membrane by means of a localized 3-port pars plana vitrectomy. With the goal of promoting integration of grafted cells into the host retina, focal damage was induced in 11 animals via the application of green argon laser burns in a grid pattern to the area centralis. The laser lesions were placed as a triangle with the apex close to the optic disc. The energy of the lesions was chosen from peripheral test lesions to give a uniform, white color of the spot without signs of perforation or necrosis. Thereafter, a retinal bleb was elevated in the same area by the injection of 0.25 to 0.5 mL of 0.9% sodium chloride through a 41-gauge needle. The use of endodiathermy on the detached retina preceded further enlargement of the retinotomy before transplantation. In 3 animals, mechanical scraping of the outer retina was performed before grafting to the area centralis of the polymerprogenitor composite (no laser treatment was given).
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ANIMALS AND SURGERY
The murine GFP-positive (GFPϩ) RPCs were injected into the retinal bleb as a single-cell suspension by using a 27-gauge needle (n=12), as spheres of cells by using a 20-gauge needle (n=6), or as a biodegradable polymer-progenitor composite by using fine forceps (n=6). The single-cell suspension and sphere injections contained approximately 2ϫ10 7 cells, while the biodegradable polymer composite graft contained approximately 2ϫ10 6 cells. Immediate reflux of some cells into the vitreous cavity was observed in most animals injected with cell suspension or spheres. A small air bubble was placed in the subretinal bleb under the retinotomy to prevent further reflux after withdrawal of the needle. Chloramphenicol (SAD) was given locally at the end of surgery to prevent infection. The pigs were examined by ophthalmoscopy on a weekly basis.
The research protocol was reviewed and approved by the Danish Animal Experiment Inspectorate, and was in accordance with the Association for Research in Vision and Ophthalmology Statement for the Use of Animals in Ophthalmic and Vision Research.
TISSUE PROCESSING
Eyes were enucleated with the animal under anesthesia at 30 minutes (suspension, n=1), 1 week (suspension, n=3; spheres, n=2; polymer, n=2), 2 weeks (suspension, n=2; spheres, n=2; polymer, n=2), and 5 weeks (suspension, n=6; spheres, n=2; polymer, n=2) after transplantation. After enucleation, pigs were killed by intravenous injection of 2 to 4 g of pentobarbital sodium (200 mg/mL; KVL, Copenhagen). Globes were placed in 4% paraformaldehyde for 10 to 20 minutes. The anterior segment and the lens were then removed and the posterior segment was postfixed for 2 hours in 4% paraformaldehyde, with subsequent rinsing in increasing concentrations of sucrose containing Sörensen phosphate buffer. A horizontal cut was made that extended from the temporal retinal margin to 2 to 3 mm nasal to the optic disc, thus comprising the temporal ciliary margin, the area centralis, and the optic disc. The tissues were embedded in a gelatin medium and serially sectioned at 12 µm on a cryostat. During the sectioning process, every 15th section was examined by epifluorescence microscopy for GFPϩ cells and every 10th slide was stained with hematoxylin-eosin. 
IMMUNOHISTOCHEMISTRY
The retinal sections were exposed to primary antisera ( Table 1) in a moist chamber for 16 to 18 hours, at 4°C, followed by rinsing in 0.1M phosphate-buffered saline with 0.25% Triton X-100. Sections were then incubated with secondary Texas redconjugated antibodies (1:200; Jackson Immunoresearch, West Grove, Pa) for 1 to 2 hours at room temperature in the dark. Normal eyes, processed in parallel, were used as controls. In addition, negative controls with omission of the primary antisera were performed. The specimens were examined with an epifluorescence microscope. Colocalization of Texas red-labeled primary antibodies and GFPϩ cells was assessed by superimposition of separate digital images of each fluorochrome.
Sections were frequently stained with chicken anti-GFP, either to examine the quality of the GFP expression or to disclose possible down-regulated grafted cells. The endogenous GFP expression was always high, and enhancing with anti-GFP resulted in blurring of the cell boundaries. In the pigs with few or no surviving cells, the anti-GFP did not disclose any additional cells; therefore, these results will not be further discussed.
RESULTS
Retinal progenitor cells derived from postnatal day 1 GFP transgenic mice were transplanted to the subretinal space of 24 mature pigs, as single-cell suspension, as spheres, or as a biodegradable polymer-progenitor composite. After death of the animal at various time points ranging from 30 minutes to 5 weeks after transplantation, surviving GFPϩ cells were found at or near the transplantation site in 16 (67%) of the 24 animals. A vast number of markers (Table 1) were examined before and after grafting. Only proliferating cell nuclear antigen (PCNA), nestin, glial fibrillary acidic protein (GFAP), and microtubuleassociated protein 2 (MAP-2) were expressed at some point, but not vimentin, retinal pigment epithelium (RPE)-specific protein 65, cytokeratin, recoverin, transducin, Rho 4D, parvalbumin, calbindin, or protein kinase C. Specific data concerning pretreatment conditions and GFPϩ cell integration and migration are summarized in Table 2 and Table 3 .
POSTTREATMENT REACTIONS IN THE HOST RETINA
In all pigs killed 1 to 2 weeks after grafting, the host retina showed up-regulation of both GFAP and vimentin. This up-regulation corresponded to the location of the subretinal bleb induced at the time of transplantation and thus the area of transient focal detachment. Eleven of the 24 animals were pretreated with laser burns in an effort to enhance donor cell integration. Histologically, areas of the retina with laser burns exhibited decreased thickness, laminar disorganization, and occasional intraretinal RPE cells.
GFP TRANSGENIC MURINE RPCS: BEFORE GRAFTING
Cells prepared as single-cell dissociates, as well as cells grown as spheres, displayed immunoreactivity to the markers PCNA, nestin, GFAP, and MAP-2. No baseline reactivity was detected with regard to the other antibodies tested, as listed in Table 1 . Mouse RPCs seeded onto a scaffold were found to be situated largely at the surface of the polymer, were rounded, and maintained immunoreactivity to PCNA, nestin, GFAP, and MAP-2 ( Figure 1) . 
CELL SUSPENSION: AFTER GRAFTING
To validate the surgical method used for subretinal transplantation, 1 pig that had received RPCs as a single-cell suspension was killed 30 minutes after grafting. At this time, a large retinal detachment was evident (Figure 2A) . Rounded GFPϩ cells were found floating freely in the subretinal space or attached to the RPE or photoreceptor outer segments ( Figure 2B and C) . The GFPϩ cells coexpressed nestin, and some were in a proliferative stage, as shown by PCNA immunostaining. Some GFPϩ cells coexpressed GFAP or MAP-2.
Three pigs were killed 1 week after transplantation, 2 of which had been treated with retinal burns at the time of surgery, and surviving RPCs were found in all 3 animals. In the laser-treated pigs, GFPϩ cells integrated into the RPE (Figure 3A and D) and all layers of the retina (Figure 3B -E) and were also found in or close to the nerve fiber layer ( Figure 3F ). The cells had matured and exhibited a range of phenotypes, the majority appearing morphologically neuronlike. In the untreated pig, GFPϩ cells were mainly found in the RPE layer, although occasional GFPϩ fibers were seen in the retina as well (data not shown). Immunohistochemistry showed expression of nestin ( Figure 3F ) and GFAP ( Figure 3G ) by donor cells, but not vimentin ( Figure 3H ). Autofluorescence throughout the entire retina was a common finding in all the laser-treated animals ( Figure 3A-C) .
Two pigs were killed 2 weeks after transplantation, 1 of which had been treated with laser burns, and surviving donor cells were found in both animals. In the untreated pig, GFPϩ cells had integrated into the RPE layer, although, in contrast to host RPE cells, the donor cells did not express the RPE-specific markers RPE65 or cytokeratin (Figure 4A and B) . In the laser-treated animal, GFPϩ cells were found in the retina at or near the laser wounds. Despite the mor- phologic evidence of donor cell differentiation, immunohistochemical studies were negative for markers of neuronal phenotype.
Six animals were killed 5 weeks after transplantation, 5 with laser treatment and 1 without. Survival was markedly decreased at this point, with surviving cells being found in only 2 pigs (1 laser treated, 1 untreated). The surviving cells were very few and immunohistochemical analysis was not undertaken.
SPHERES: AFTER GRAFTING
Two animals injected with RPCs as spherical aggregates were killed 1 week after grafting, 1 of which had been treated with laser and 1 of which was untreated. The treated pig displayed surviving GFPϩ cells, and these were located in the subretinal space and the vitreous (Figure 5A and B). These cells were found either as spheres or as single cells, a few of which had extended processes at this point. A small number of cells had also integrated into the retina. As seen in the pigs grafted with cell suspension, only nestin and GFAP colocalized with the GFPϩ profiles ( Figure 5C ).
Two animals were killed 2 weeks after grafting, 1 laser treated and 1 untreated. In the laser-treated pig, single cells or layers of cells were seen covering the inner (vitreal) surface of the retina. These cells were immunoreactive for nestin and GFAP. In the untreated pig, spheres of GFPϩ cells were found in the vitreous. These cells were also nestin and GFAP positive.
Two pigs were killed 5 weeks after grafting, 1 laser treated and 1 untreated. Both animals displayed foci where a few GFPϩ cells had been incorporated into the RPE. Immunohistochemical analysis was not carried out. 
BIODEGRADABLE POLYMER-PROGENITOR COMPOSITE
Two animals transplanted with biodegradable polymerprogenitor composite were killed 1 week after grafting, 1 that had been treated with subretinal scraping and 1 untreated. Surviving GFPϩ cells were found in both pigs. Grafted cells were generally confined to the polymer structure and exhibited neuronallike and gliallike phenotypes, often with long slender processes extending across the width of the scaffold (Figure 6) . Again, some of the GFPϩ cells colabeled with nestin or GFAP.
Two weeks after transplantation, 2 pigs grafted with the polymer-progenitor composite were killed; 1 had received subretinal scraping before transplantation and 1 was untreated. The treated animal contained GFPϩ cells that exhibited both gliallike and neuronallike morphologic features, as seen in the 1-week pigs. In this case the retina was severely disrupted, likely related to complications at the time of surgery, and further analysis was not performed.
Two polymer-grafted animals were killed 5 weeks after grafting. In both cases the scaffolds showed clear signs of biodegradation; however, no surviving cells were found in these specimens. 
COMMENT
This study is the first, to our knowledge, to demonstrate morphologic integration of transplanted progenitor cells into the neural retina and RPE of a large mammal. This integration occurred in developmentally mature hosts (3 months) during a relatively short period (within 1 week) and despite substantial genetic disparity between donor (mouse) and recipient (pig). This study also demonstrates the feasibility of using biodegradable polymerprogenitor composite for cell delivery in a large, humanlike eye, although no cells escaped the biopolymer scaffold after transplantation into the pig eye. All findings were obtained in the absence of active immunosuppression, a fact that has direct bearing on the decrease in donor cell survival seen at 5 weeks. Preliminary data indicate that a substantial host immune response, initiated by preformed antibodies and directed against the foreign donor cells, is responsible for this decreased survival. 6 Previous reports on the transplantation of central nervous system progenitor cells to the retina include studies in the rat, 7-10 mouse, 4 and Brazilian opossum. 11 The work in the pig presented herein extends the existing literature to a large animal model where the biological and surgical challenges more closely approximate those faced in the human retina.
The surgical approach used in this study, namely, pars plana vitrectomy followed by creation of a retinotomy and the raising of a focal retinal bleb, proved to be a reliable method for accessing the subretinal space. This was demonstrated by results from the pig killed 30 minutes after grafting, as well as the results from later times. All retinal blebs resolved and the retina was reattached by the end of the first week. In response to the transplant procedure, the host retina up-regulated GFAP and vimentin, consistent with an activation of Müller cells and astrocytes; however, there was no further evidence of the remodeling events that can occur in the retina as a complication of retinal detachment.
2,12-14 Specifically, gliosis and subretinal fibrosis were not observed at later points.
Of the 3 methods of delivery used in the present study, dissociated cell suspension was the simplest way to deliver these cells and resulted in maximal intraretinal migration. In addition, a drawback to the sphere delivery method was the necessity to extend the retinotomy to accommodate the larger-gauge cannula needed for delivery. This resulted in an increased tendency toward reflux of GFPϩ spheres into the vitreous cavity. Consistent with this observation, the histologic data from animals with surviving grafts showed GFPϩ cells present in the vitreous of 3 (60%) of 5 animals when grafted as spheres, compared with 2 (25%) of 8 for suspension and 0 (0%) of 3 for polymer-progenitor composite. Cells grafted on the biodegradable polymer were invariably found in the subretinal space (100% [3/3] ) and remained within the polymer scaffold for the duration of the study without migration into the host retina or RPE.
The mouse and the pig are distantly related species, and therefore the risk of immune rejection is high for grafts between these animals. Furthermore, while there is growing literature exploring the factors underlying the rejection of porcine cells transplanted to the mouse, [15] [16] [17] the risk of rejection is at least as great when the pig, with its more sophisticated immune system, serves as the recipient. Nevertheless, the absence of available porcine retinal progenitors together with a number of mitigating considerations led to the decision to go forward with this study. These included the absence of passenger leukocytes in the grafts, the lack of detectable major histocompatibility complex class I or class II expression by murine central nervous system progenitor cells, 18, 19 and the relative immune privilege associated with the retina as a host site. 20, 21 No evidence of migration into the host was observed 30 minutes after transplantation, whereas at the 1-week and later points GFPϩ cells had been integrated into the RPE and all layers of the neural retina, including the nerve fiber layer. There was variability in the degree of integration between animals, and this appeared to relate to treatment condition. Retinal integration of GFPϩ cells was observed only in animals that received grafts as a dissociated cell suspension. In addition, injuring the retina with laser burns at the time of transplantation appeared to promote retinal and RPE integration. Further support for this association comes from the observation that integration of GFPϩ cells was centered on areas of laser injury. This tendency toward wound tropism is in accord with a number of other studies showing that developmental immaturity, 8, 11 lesions, or genetic dystrophies 9,22-24 strongly enhance the migration and integration of grafted progenitor cells. A corollary of this tropism concept is that, in the setting of disease, grafted progenitor cells should home to sites where they are needed and avoid interfering with healthy areas of the retina. Compared with previous studies of progenitor cell integration in the retina, the significance of the current study centers on the fact that the porcine eye is much closer to that of hu- mans. The vitreous cavity is much larger than that of rodents, while the retina is thicker and contains many more cones. Thus, the results obtained in this large animal model are of particular relevance in the context of the potential clinical applications. The integration of progenitor cells into the RPE is an interesting finding, although the grafted cells did not express either of the 2 RPE-related genes examined. Many studies have shown that transplanted RPE cells tend to adhere to each other in the subretinal space rather than integrating into the host RPE monolayer or binding extensively to Bruch membrane. [25] [26] [27] [28] In addition, integration into the RPE layer has not been seen in many previous studies of central nervous system progenitor transplantation to the retina. 4, 8, 9 Integration of progenitor cells into the RPE layer was first described by Warfvinge and coworkers 7 by using an immortalized rat neural precursor line in the rat. In the present study, the GFPϩ mouse RPCs were integrated into the pig RPE layer in a manner reminiscent of the earlier rat study, despite the fact that these cells do not exhibit this behavior when grafted to mice. 4 Although many questions remain to be answered, particularly with respect to the long-term functional capabilities of grafted cells, the phenomenon of RPE integration raises the possibility of using progenitor cells in diseases with RPE defects, such as age-related macular degeneration.
Apart from the 1 case of RPE integration mentioned already, cells grafted as spheres showed no evidence of migration into the host tissue. Interestingly, the GFPϩ cells within the scaffolds survived and extended processes with a radial orientation. On the basis of these results, there is little rationale for transplanting cells as spheres in the context of this model; however, the polymer-progenitor composite grafts may provide a means of transplanting cells to the subretinal space in an organized manner. This may be of interest in situations where high densities of donor cells are required to reconstruct the outer nuclear layer, while a widespread migration into the inner retina is not necessary. In addition, the polymer component of the graft can be modified to provide a vehicle for sustained delivery of a range of therapeutic agents. 29, 30 In culture, and after transplantation to the retina of mice, RPCs from the GFP mouse can be induced to differentiate into glia and neurons, including presumptive photoreceptors. 4 After transplantation of these cells to the pig, a similar yet less clear-cut picture emerges. Morphologically, the cells appeared to differentiate into both glial and neuronal phenotypes. However, marker studies only partially confirmed this impression.
Cells prepared as single-cell dissociates, as well as cells grown as spheres, displayed immunoreactivity to the proliferative marker PCNA, the immature cell marker nestin, the glial marker GFAP, and the neuronal marker MAP-2. After grafting, there was evidence of expression of GFAP and, to a limited extent, nestin and MAP-2. However, markers specific for retinal neurons were not seen. This implies that the proliferative capacity has ceased and a downregulation of nestin and MAP-2 has occurred over time.
Incomplete expression of markers by progenitor cells after transplantation has been previously reported, 8 although the basis of this phenomenon remains to be elucidated. The cells in this case started from a developmentally immature state, as evidenced by widespread nestin expression. The persistence of nestin in GFPϩ cells at later points suggests that many cells remained developmentally immature after transplantation. Insufficient instructional cues may have been available in the porcine retinal microenvironment to provide adequate phenotypic direction to the grafted cells, thereby resulting in incomplete differentiation. Yet another possibility is phenotypic restriction of the donor cells, either in culture or as an artifact of the transplantation process. De- spite the unanswered questions, this study shows that sufficient cues are present in the mature retina of the pig to allow for a remarkable degree of cross-species integration, even when progenitor cells from a rodent are used.
In conclusion, this study demonstrates that the phenomenon of progenitor cell integration seen in the neural retina and RPE of rodents can be replicated in a large animal model. While the degree of integration and differentiation achieved were somewhat less extensive than those seen in mice, rats, and the Brazilian opossum, many options remain available for further development of the pig model, including the development of an allograft model through the isolation of porcine retinal progenitors, 31 together with the possibility of grafting into a porcine model of retinal degeneration such as the rhodopsin, transgenic pig. 32 In addition, a major advantage of the pig is that it allows for much more detailed functional analysis than is possible in rodents. Finally, the large eye of the pig provides a convenient proving ground for bioengineering strategies, such as cell delivery on biodegradable polymer scaffolds as well as controlled drug delivery, both of which are likely to play an increasingly important role in retinal reconstruction research. 
